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Abstract 
Lightweight structures and assemblies formed and welded electromagnetically are widely used 
in various industries such as automotive, aerospace and electronics. One of the key factors in 
magnetic pulsed welding which causes the occurrence of the weld in the contact zone is the 
impact velocity. Experimental tests show that a minimum impact velocity (~ 250m/s) is 
required to achieve a successful welded component. While some Finite Element packages exist 
that are capable of modeling the process and estimating the velocity, there is a lack of 
simplified and accuracy analytical modeling tools. In this paper, the magnetic pressure applied 
to the workpiece and the workpiece velocity were predicted for a single turn axi-symmetric 
coil. If the impact velocity is sufficient, a magnetic pulsed weld could be created. Such an 
analytical model helps eliminate empirical investigations to achieve the necessary velocity to 
produce successful magnetic pulse welding joints.    
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1 Introduction 
 
In various industries (including the automotive, aerospace, and appliance industries), a desire 
exists to join or weld dissimilar metals together. See Figure 1 (Magneform, 2004). Due to the 
disparate melting temperatures of the materials, traditional fusion welding processes cannot be used. 
Magnetic Pulsed Welding (MPW) can join dissimilar metals along with other benefits (e.g., high 
precision, short cycle time, uniform strain distribution, etc.). In MPW, a capacitor bank is charged 
with a significant amount of electrical energy (on the order of tens to hundreds of kJ) which is quickly 
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dissipated into a specially designed coil. A high intensity magnetic field is generated which induces 
eddy currents in nearby conductive materials. These eddy currents produce a repulsive magnetic field 
and Lorentz forces which cause the workpiece to plastically deform away from the coil at a high 
velocity. For example, in the case of tubular products, the magnetic field causes the outer workpiece, 
i.e., flier tube, to collapse onto the inner workpiece, i.e., shaft, with a high velocity. See Figure 2 
(Blakely, 2004).  
One of the key parameters in MPW is the impact velocity. Experimental evidence shows that a 
successful weld occurs when the impact velocity, VF, is in the range of 250m/s < VF < 500m/s 
(Verstraete et al., 2011). Nassiri et al. (2014) showed there is a connection between the emergence of 
a wavy pattern at the weld interface and the impact velocity based on a stability analysis. While some 
Finite Element packages exist that are capable of modeling the process and estimating the impact 
velocity, there is a lack of simplified analytical modeling tools. For example, Zhang et al. (2009) used 
a commercial finite element code, LS-DYNA, to solve the electromagnetic, mechanical, and thermal 
problem in a fully coupled manner for the magnetic field, induced eddy currents, workpiece 
acceleration, and high velocity impact of the workpiece for a flat sheet MPW process. Gharghabi et al. 
(2011) modeled the electromagnetic forming (EMF) of tubes in compression using fundamental 
equations for the magnetic field and FEA software in order to determine the effect of a field shaper. 
The results showed that the field shaper significantly concentrated the pressure exerted on the 
workpiece.   
 
 
 
  
 
 
 
 
 
 
Thibaudeau and Kinsey (2015) created a purely analytical model to predict velocity for a uniform 
pressure actuator (UPA), which has a more uniform pressure distribution over a large area and is 
robust enough to last hundreds of forming operations. The accurate analytical model enabled them to 
modify the design of the UPA, first proposed by Kamal and Daehn (2007), and increase the magnetic 
pressure and workpiece velocity. Accurate velocity results (Thibaudeau and Kinsey, 2015) were 
obtained provided that the material thickness to skin depth ratio was sufficient for the creation of eddy 
currents and Lorentz forces. Results were shown for various materials and thicknesses.  
 
 
 
Figure 2: Schematic of MPW process (Blakely, 2008) 
Figure 1: Sample assemblies joined by MPW a) Boeing 777 torque tube, b) 4” drive shaft, Ford, and c) high 
voltage fuse (Magneform, 2014) 
a) b) c) 
Analytical Model and Experimental Validation of Single Turn, Axi-Symmetric Coil for
Electromagnetic Forming and Welding Nassiri, Campbell, Chini, and Kinsey
815
Figure 3: Single turn, axi-symmetric coil 
In this paper an analytical model for determining the pressure distribution and the workpiece 
velocity produced by a single turn, axi-symmetric coil during the compression of a tube is presented. 
If the tube collided with a stationary shaft at a sufficient velocity, a MPW could be created. The 
methodology of Thibaudeau and Kinsey (2015) was followed but for this different geometry (cone-
shaped area which concentrates the magnetic field to a desired point on the workpiece). Reasonably 
accurate velocity results were obtained. 
2 Coil Design 
A single turn, axi-symmetric coil with a taper to concentrate the magnetic field was designed and 
fabricated (Vanbenthysen, 2011). A center opening of 26.42 mm in diameter was chosen to allow for 
a clearance of 0.51 mm between the landing area of the coil and outer surface of a 25.4mm (1in.) tube. 
The coil was modeled in MagNet simulation software where current was applied and the magnetic 
flux density was obtained. After various analyses a coil with a 45 degree taper angle was constructed 
out of Cu18150, a copper alloy consisting of 1% chromium and 0.15% zirconium which aid in the 
strength and creep resistance of the coil. It was machined out of a block 203.2 mm square and 38.1 
mm thick. A 3.175 mm slot was created to allow for use as a coil, i.e., electricity enters and exits 
through the copper leads (see Figure 3). When the capacitor bank is discharged, the current flows 
through one of the leads, around the coil and out the other lead to the return path for the electrical 
circuit. The leads were wrapped in Kapton tape to prevent arcing. The connection of the leads to the 
coil was achieved through brazing which produces a physical material connection between the leads 
and the coil. Press fit pins were used to secure the components during the brazing process. See 
Vanbenthysen (2011) for future details related to the coil design. 
 
   
 
 
 
3 Analytical Model 
The basic ElectroMagnetic forming (EMF) process consists of three principle parts: a capacitor 
bank to store energy, a coil to create the magnetic field, and a workpiece to be formed. Based on the 
nature of this multiphysics process, the analytical model is divided into three stages. First, electrical 
theory is used to determine the current and voltage out of the capacitor bank and passing through the 
coil. Second, electromagnetic analysis determines the magnetic field distribution and the effective 
magnetic pressure that is developed on the workpiece. Lastly, classical mechanics theory is used to 
determine the rigid body motion of the workpiece caused by the magnetic pressure. Since the 
magnetic field distribution strongly depends on the gap distance between the coil and workpiece, the 
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Figure 4: Schematic of analytical model (Thibaudeau & Kinsey, 2015)  
Figure 5: schematic of axi-symmetric coil with tube: a) full view, b) half view, c) cross-
section, and d) landing area geometry 
magnetic and mechanical processes are loosely coupled in this model. That is, at each time increment, 
the magnetic field geometry is updated with the workpiece displacement. A schematic of the 
analytical model is shown in Figure 4 (Thibaudeau and Kinsey, 2015). 
 
 
 
 
 
 
 
 
 
 
 
The radial cross section of the axi-symmetric coil is shown in Figure 5. It can be assumed every 
cross-section around the circumference acts in the same way. A series of elements were generated 
along the surface of the tapered, cone-shaped zone. The elements were equally spaced in the y 
direction. The length of each element was equal to the skin depth.  
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
  
 
 
3.1 Electrical Theory  
The electrical circuit consisting of the capacitor bank, coil, and workpiece can be represented by 
ideal electrical elements. See Figure 6 (Bauer, 1967). The machine is represented by a capacitor (Cm) 
with internal resistance (Rm) and inductance (Lm) also included. The coil is preliminary represented by 
an inductance (Lc), but an internal resistance (Rc) is also included. The resistance and inductance (Rm 
and Lm) of the Maxwell Magneform EMF machine (model 7000 JA) were experimentally determined 
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Figure 6: Electrical circuit diagram (Bauer, 1967) 
by Thibaudeau and Kinsey (2015) by recording the response with a shorted load. Resistance and 
inductance of the coil (Rc and Lc) were calculated from the geometry of the coil. 
 
 
 
 
 
 
 
 
 
 
 
 
For a cone-shaped, axi-symmetric coil, the following expression is used to calculate the inductance 
(Zhang et al., 2004):  
 
 
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(1) 
 
where  is the magnetic permeability of the coil,  is the inner workpiece radius,  is the landing 
length, h is the initial standing gap between the coil and the workpiece in the landing zone region,  is 
the taper angle and  is the radius of the coil (see Figure 5). As is clear from Eq. (1), the inductance 
of the coil is geometry dependent. The detailed derivation of Eq. (1) can be found in Zhang et al. 
(2004). In this study, an Al2024-T3 tube with a length of 50mm, wall thickness of 0.889mm and inner 
diameter of 23.62mm was used as the workpiece. 
The mutual inductance, in the case of an imperfect magnetic coupling, can be found from Nopper 
et al. (2010) 
                                                                                        
       (2) 
 
where  is the geometric dependent coupling coefficient and represents the loss of magnetic flux of 
two inductors, with a value of     . The coupling coefficient can be found experimentally by 
measuring the ratio of induced to primary current in the coil and workpiece. In this study, the coupling 
coefficient is assumed to be unity, which means all of the magnetic flux produced passes through the 
coil, and vice versa. 
Since the current is oscillating, a skin effect is produced. The skin depth can be calculated from: 
 
 
   
(3) 
 
where  is the resistivity of the conductor,  is the permeability of the free space and  is the angular 
frequency of the current through a coil. By knowing the skin depth, the resistance of the coil can be 
calculated: 
 
   

 (4) 
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where  is the total length of the coil’s cross-section (i.e., the perimeter of the coil) and  is the 
cross-sectional area contained from the skin depth to the surface of the coil. The total resistance and 
inductance of the circuit can be calculated from: 
 
      
     (5) 
 
See Figure 6 for definitions of the variables.      
Applying Kirchhoff’s voltage law and summing the voltages around the circuit, a differential 
equation is obtained with respect to time,  (Ogata, 2004): 
 
 
     

   (6) 
 
where  indicates the current in the primary circuit. To solve Eq. (6), the initial conditions were 
found from the charged capacitor with the main switch closing at   : 
 
    

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where  is the initial voltage in the capacitor bank and can be found from: 
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
Lastly, capacitor voltage, , can be calculated by integrating the current out of the capacitor: 
 
 
 
 
       (12) 
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3.2 Magnetic Theory 
The magnetic field produced from a given axi-symmetric coil can be determined with respect to 
the physical location of the tube, time and the gap between the coil and workpiece (Thibaudeau and 
Kinsey, 2015). As is clear from the Figure 5, because of the cone-shaped geometry of the coil, the gap 
distance is varied along the thickness of the coil (g(y)). In this research, the calculation of the 
magnetic field strength is simplified by assuming a super conducting workpiece (i.e.,   , where  
is the resistivity).  The magnetic flux density, , produced by the coil induces eddy current in the 
workpiece with a current density, . A Lorentz force is created which acts as a volume force, , (Psyk 
et al., 2011): 
  
 
 
   (13) 
The Lorentz force creates workpiece acceleration and deformation. Since the force in the radial 
direction is of interest, the current density, , is related to the magnetic field, , through a partial 
derivative in that direction: 
 
 
 
     (14) 
In a non-magnetic material,  
 
 
 
   (15) 
where  is the permeability of the material. Substituting Eqs. (14) and (15) into Eq. (13): 
 
 
   
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(16) 
 
The body force, , is integrated through the thickness of the tube (i.e., in the radial direction) to 
determine an effective pressure acting on the tube surface: 
 
 
 
   



 
    (17) 
where integration limit,  , is the tube thickness and   and   are the gap and penetrated 
magnetic field strengths respectively. The penetrated magnetic field is neglected due to the skin effect 
(Ogata, 2004), so the magnetic pressure is simplified to: 
  
 
 
   
  (18) 
The air space between the coil and workpiece was not considered in the magnetic calculation 
because its permeability is close to that of free space, so its effect on the magnetic field is negligible 
(Thibaudeau and Kinsey, 2015). The magnetic field strength,  , is the resultant field of a 
superposition of magnetic field strength from many current carrying differential elements,  (see 
Figure 5d). For the cone-shaped axi-symmetric coil only the magnetic field strength along the coil’s 
axis is of interest (i.e., tangential to the workpiece), so only the  component is considered in this 
study (Al-Hassani, 1975).   
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where  is the gap between the coil element and the workpiece and  is the current in the element: 
 
   

  (20) 
where  is the cross-sectional area of the coil. Integrating Eq. (19) over the entire coil thickness yields: 
 
   




 (21) 
3.3 Mechanical Theory 
Since the magnetic field depends on the gap distance between the coil and the tube, the numerical 
code must be in an incremental form to be able to recalculate acceleration, velocity and position as the 
gap distance changes. In this way, the electromagnetic-mechanical problem was solved in a loosely 
manner (see Figure 6). Newton’s second law was used to predict rigid body motion of the workpiece: 
 
    (22) 
where  and  are the tube length and density respectively. The integration of  with time yields 
velocity: 
 
    


  (23) 
where  is the initial velocity and assumed to be zero (i.e.,   ). The integration of  yields 
the position with respect to time: 
 
    


  (24) 
where  is the initial position in the landing zone (i.e.,   ). See the Figure 5d). 
4 Analytical Results 
Results from the analytical model include electrical, magnetic, and mechanical predictions. 
Electrical analysis determines the electrical parameters of the coil, and the electrical response of the 
EMF machine and coil circuit. The EMF machine and coil parameters are given in Table 1, and the 
predicted circuit response at 100% energy (E = 12 kJ) is shown in Figure 7. 
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Figure 7: Predicted current and voltage during discharge 
Figure 8: Predicted peak magnetic pressure and tube velocity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The analytical model shows that for a 12kJ energy discharge, the peak current and rise time are 
289.5 kA and 13μs respectively for this electrical circuit. The predicted pressure exerted on the wall 
of the tube and the predicted velocity of the tube are shown in Figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Table 1: EMF machine and coil parameters 
Machine Parameters  
Inductance (μH) 0.1 
Capacitance(μF) 360 
	
 4.4 
Coil Parameters  
Inductance (μH) 14.7 
	
μ 7.6 
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Figure 10: Predicted pressure along the tube  
Figure 9: Predicted pressure distribution along tube with time 
Clearly for such a coil, the pressure pulse from the first half cycle of the current pulse is more 
significant than the later oscillations. Thus, the forming/welding event occurs during the first half 
cycle of the current pulse and afterward, currents are reduced and coupling is diminished. The spatial 
magnetic pressure distribution along the workpiece with respect to time is shown in Figure 9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As is clear from Figure 9, the maximum magnetic pressure was concentrated at the center of the 
cone-shaped zone and is reduced from the center to the sides. As in Thibaudeau and Kinsey (2015) 
and shown to be an acceptable assumption, the aerodynamic effects were not considered in this study. 
Figure 10 shows the cross-section of the coil, the predicted magnetic pressure and its effect along the 
workpice. 
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Figure 11: Comparison between experimental measurement of current and analytical model  
5 Experimental Validation 
To verify the analytical model, an experimental test with an energy level of 100% (12 kJ) and the 
same parameters used in the analytical model was conducted. The primary circuit current was 
measured with a Powertek CWT 3000B Rogowski coil. The oscilloscope for this system is a LeCroy 
WaveSurfer 64MXs-B with a 600MHz bandwidth. The comparison between the experimental test and 
the analytical model is shown in Figure 11.   
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
As seen in Figure 11, the analytical model result is close to the experimental measurement but 
with some discrepancies. These are due to complicated electromagnetic impulse process parameter 
interactions. Many factors can influence the experimental measurement results. For example, the 
system inductance and resistance may change during the experiments because of resistance heating 
(Zhang et al., 2004). Also, current measurement devices have calibration errors. These factors affect 
the accuracy of the input capacitor bank inductance and resistance values used in the analytical model. 
In addition, the analytical model includes various assumptions and simplifications. Therefore, it is 
extremely difficult to get a precise match between experimental measurement and analytical model 
results. 
To compare the velocity prediction of the analytical model with the experimental test, a single 
Photon Doppler Velocimetry (PDV) probe was aligned to a hole in the coil. PDV is a laser 
interferometric technique for measuring large target velocities. PDV provides a robust method for 
measuring velocities with submicron displacement resolution and temporal resolution in the 
nanosecond range (Johnson et al., 2008). A laser is aligned normal to the target, which reflects off the 
surface with a shifted frequency. Retroreflective tape was applied on the side of the tube to increase 
the reflected light intensity to the probe. The frequency shift is proportional to the velocity of the 
target, which is known as the Doppler Effect. When the shifted beam is mixed in an optical circular 
with the original beam, a beat frequency that is also proportional to the target velocity is produced. 
The beat frequency is many orders of magnitude smaller, such that it is capable of being recorded by 
high speed optical detectors and an oscilloscope. The beat frequency is determined by (Johnson et al., 
2008): 
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Figure 12: Single turn coil with PDV probe and flexbar positioner  
Figure 13: Velocity results from the analytical model and experimental test 
 
  

 (255) 
The PDV system used in this research was designed and built by the Ohio Manufacturing Institute. 
The system is capable of measuring target velocities up to 500m/s, at a working distance of 100mm. 
The wavelength of the laser is 1550nm. The experimental setup is shown in Figure 12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The experimental result along with the analytical model prediction is shown in Figure 13. As is 
clear, the predicted velocity from the analytical model is in reasonably good agreement with the 
experimental test up to the rise time (i.e., the point that magnetic pressure is maximum). Then because 
of the rigid body motion assumption, the analytical model is limited in its ability to predict the 
velocity later in the forming process. Efforts to relax this assumption by incorporating the plastically 
deforming tube as opposed to simply a rigid body flying in response to the pressure pulse are being 
attempted.  
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6 Conclusions 
In this paper, the electromagnetic impulse process was analytically modeled in detail. The 
analytical model is able to predict the magnetic pressure distribution on the workpiece and workpiece 
velocity during tube compression, which is equivalent to MPW provided a shaft is included for 
colliding with the flying workpiece. The computational time of the analytical model is considerably 
less compared to FEA simulations (e.g., five minutes versus two hours for cases being investigated in 
our laboratory). In the future, the analytical model will be improved to predict the velocity of the 
workpiece during the entire process (not just up to rise time). Although in reality, the welding/forming 
occurs early in the process, so the velocity up to the rise time is of particular interest. This will be 
achieved by eliminating the rigid body assumption. Instead, a plastically deforming tube in response 
to the pressure pulse will be used. Also the effect of the coupling factor will be investigated through 
future work.  
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